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The devices incorporated two 20-nm-wide ''quasiternary'' InGaAsSb quantum wells ͑QWs͒ surrounded by Al 0.3 Ga 0.7 As 0.03 Sb 0.97 barriers and separate-heterostructureconfinement ͑SCH͒ layers. ͑The quantum-well material is called quasiternary because of its low As content.͒ The maximum cw output power at 17°C for a 2.5-m-wavelength device was 250 mW. The threshold current density was about 300 A/cm 0.30. 1 We have redesigned the laser structure to reduce internal loss, ␣ i , 2 and series resistance. The two QWs in our devices are 14.5-nm-wide In 0.41 Ga 0.59 As 0.14 Sb 0.86 quaternaries.
The barriers and SCH layers are Al 0.25 Ga 0.75 As 0.02 Sb 0.98 . These design changes produced internal losses of 4 cm Ϫ1 , and, coupled with the devices' low series resistance of 0.1 ⍀ that reduces power dissipation, the devices output considerably more power. We have measured maximum continuous-wave output powers of 1 W at 12°C
with d values of 0.36. In the pulsed-current mode the peak power at 20°C was nearly 5 W. sets for the QWs are 0.139 eV in the valence band and 0.336 eV in the conduction band. The wafers were processed into 100-m-aperture lasers with antireflection ͑AR͒ and highreflection ͑HR͒ facet coatings of 3% and 95% reflectivity, respectively. Cavity lengths are 1 and 2 mm. The devices were indium-soldered p-side down to copper mounts and characterized. Figures 2͑a͒ and 2͑b͒ show the cw and pulsed-mode ͑200 ns current pulses at a 10 kHz repetition rate͒ outputpower ( P -I) characteristics of 2 and 1-mm-long diode lasers, respectively. The wall-plug efficiency for cw operation is shown in Fig. 2͑a͒ . The cw threshold current, I th , is 0.5 A (250 A/cm 2 ), and near threshold d is 0.36 photons/electron.
With increasing current the power tends to saturate as a result of heating, and the maximum power is 1 W at a heatsink temperature of 12°C. The peak wall-plug efficiency of 12% occurs at a current of about 2 A. Active-area heating is not as significant a problem in pulsed-mode operation. Figure 2͑b͒ shows that at a heatsink temperature of 20°C a 1-mm-long device outputs a maximum peak power of 4.9 W at 27 A, which is power-supply limited. The shorter cavity length of 1 mm increases d to 0.44, because of the higher mirror losses. 1 Characteristic temperatures generally decrease with increasing wavelength for antimonide diode lasers. Figure 4 shows the cw spectra at 15, 23, and 30°C, all taken at a current of 1 A. The spectra are multimode, and at 30°C the maximum wavelength is 2.508 m. The longwavelength edge of the spectrum increases at a rate of 1.5 nm/K, as expected for antimonide-based midinfrared lasers. Figure 5 shows the subthreshold modal gain spectra taken at six different currents, for a 1-mm-long laser at 20 SDC. We used the Hakki-Paoli method to obtain these data from the amplified spontaneous emission spectrum at each specified current. 4, 5 For photon energies about 0.47 eV the spectra converge, for the material gain at sub-band-gap energies, is zero at any current and modal gain is equal to total loss ϳ22 cm Ϫ1 . Subtracting from this value the mirror losses, which are about 18 cm Ϫ1 for a 1-mm-long laser, leaves a value for internal loss of 4 cm Ϫ1 . This value is comparable with the losses in a 2 m, BW antimonide laser. signing the waveguide region to check this hypothesis.
To minimize the optical loss, the broadened waveguide laser design was used with total waveguide width W ϭ830 nm. The BW approach reduced overlap of the optical field with doped cladding layers to 30%-35% keeping QW confinement of about 3%. The high quality of the MBEgrown materials also produces a low-loss waveguide and enhances laser internal efficiency.
While low internal loss increases external quantum efficiency, it is the low series resistance, R S , and hence, the low forward voltage of these devices, that enables the relatively high cw output powers. Typically, the forward voltage is 1.6 V at 8 A, and above the turn-on voltage of 0.6 V, we measure R S values of about 0.1 ⍀. This is only a factor of 4 greater than the R S ϭ0.026 ⍀ measured for 980 nm, GaAs-based diode lasers. 6 This relatively low series resistance results mainly from the low n-metal contact resistance and the heavily n-doped graded region between the n-cladding layer and the substrate.
In conclusion, we have developed 2.5 m InGaAsSb/ AlGaAsSb/GaSb diode lasers with internal losses of 4 cm Ϫ1 and series resistances of 0.1 ⍀. These features enable continuous-wave output powers of 1 W at 12°C and pulsedcurrent mode output powers of 5 W at 20°C. The low internal losses are the result of a strongly mode-confining waveguide. We attribute the low series resistance of 0.1 ⍀ to high doping in the graded layers, including the cladding layers at the graded-layer/cladding-layer interface. We are currently investigating waveguide designs that increase the internal quantum efficiency.
